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In brief

Baimel et al. examine the afferent control
of cholinergic interneurons (Chls) in the
nucleus accumbens medial shell
(NAcMS). Inputs from the ventral hippo-
campus (vHPC) and paraventricular nu-
cleus of the thalamus have opposing in-
fluence on Chl firing. vHPC-evoked
inhibition reflects activation of parvalbu-
min (PV+) interneurons, which robustly
inhibit Chls in NAcMS.
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SUMMARY

Cholinergic interneurons (Chls) in the nucleus accumbens (NAc) play a central role in motivated behaviors
and associated disorders. However, while the activation of Chls has been well studied in the dorsal striatum,
little is known about how they are engaged in the NAc. Here, we find that the ventral hippocampus (vHPC) and
the paraventricular nucleus of the thalamus (PVT) are the main excitatory inputs to Chls in the NAc medial
shell. While the PVT activates Chls, the vHPC evokes a pronounced pause in firing through prominent feed-
forward inhibition. In contrast to the dorsal striatum, this inhibition reflects strong connections onto Chls from
local parvalbumin interneurons. Our results reveal the mechanisms by which different long-range inputs
engage Chls, highlighting fundamental differences in local connectivity across the striatum.

INTRODUCTION

Cholinergic interneurons (Chls) represent only a small percent-
age of striatal neurons but exert profound influence on striatal
function. They are the main source of striatal acetylcholine and
regulate striatal output through multiple mechanisms, including
recruitment of disynaptic inhibition onto medium spiny neurons
(MSNs) (Assous et al., 2017; English et al., 2011; Kods and Tep-
per, 2002) and modulation of dopamine and glutamate release
(Cachope et al., 2012; Higley et al., 2009; Kosillo et al., 2016;
Liu et al., 2022; Malenka and Kocsis, 1988; Shin et al., 2015; Su-
gitaetal., 1991; Threlfell et al., 2012). Although Chls are tonically
active (Brown et al., 2012; Virk et al., 2016; Wilson et al., 1990;
Witten et al., 2010), they display dynamic shifts in firing, with
environmental cues that discourage or promote action able to
transiently engage or suppress Chl activity and signaling
(Howe et al., 2019; Mark et al., 1992; Nougaret and Ravel,
2015), and optogenetic activation of Chls during cue presenta-
tion sufficient to prevent behavioral action (Collins et al., 2019).
Chls also exhibit phasic pauses in firing following salient
reward-predicting cues (Aosaki et al., 1994; Apicella et al.,
2009; Ravel et al., 2003; Zhang and Cragg, 2017), which are suf-
ficient to enhance stimulus-outcome learning (Al-Hasani et al.,
2021; Brown et al., 2012; Vachez et al., 2021). Moreover, Chl ac-
tivity is linked to drug addiction (Lee et al., 2016; Witten et al.,
2010) and depressive-like behaviors (Warner-Schmidt et al.,
2012). Given their broad roles in controlling striatal activity, func-
tion, and disease, it is important to understand the factors gov-
erning Chl activity.

Inthe dorsal striatum, long-range excitatory inputs from the cor-
tex and thalamus activate Chls (Ding et al., 2010; Doig et al., 2014;
Lapper and Bolam, 1992), but the equivalent regulation of Chls in
the nucleus accumbens (NAc) is much less explored. Recent ev-
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idence highlights a role for inhibitory inputs from the ventral pal-
lidum and the ventral tegmental area in controlling Chl activity
(Al-Hasani et al., 2021; Brown et al., 2012), but the NAc also re-
ceives and integrates excitatory inputs from other brain regions,
including the prefrontal cortex, paraventricular nucleus of the thal-
amus, ventral hippocampus, and amygdala (Britt et al., 2012;
Phillipson and Giriffiths, 1985; Sesack and Grace, 2010). These
inputs make strong synaptic connections onto MSNs and
engage distinct networks to coordinate motivated behavior (Am-
broggi et al., 2008; Baimel et al., 2019; Britt et al., 2012; MacAskill
et al., 2012, 2014; Pascoli et al., 2014; Reed et al., 2018; Scudder
et al., 2018), but the degree to which they influence neighboring
Chls is unknown. Here, we use a combination of whole-brain
rabies tracing, whole-cell patch-clamp electrophysiology, and op-
togenetics to study how long-range excitatory inputs modulate
the activity of Chls in the mouse NAc medial shell (NACMS). We
show input-specific regulation of the firing properties of Chls,
with pronounced hippocampal-evoked feedforward inhibition
(FFI) that is mediated via parvalbumin interneurons.

RESULTS

Ventral hippocampus and paraventricular nucleus of the
thalamus are the main excitatory inputs to Chls in the
NAcMS

We first mapped the brain-wide innervation of Chls in the NACMS
using monosynaptic input tracing with a conditional rabies virus
in ChAT-Cre mice (Wall et al., 2010). We injected adeno-associ-
ated virus (AAV)-FLEX-TVA-mCherry and AAV-FLEX-0G into the
NAcMS, waited 5 weeks for expression, and then injected SAD-
AG-GFP pseudotyped rabies virus (EnvA-RV-GFP) in the same
location to infect TVA + 0G-expressing Chls (Figure 1A). While
starter cells were restricted to the NACMS (Figure 1A), input
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Figure 1. Chls receive excitatory inputs from the PVT and vHPC

(A) Left: schematic and protocol for monosynaptic rabies tracing in ChAT-Cre mice. Right: example image of starter cells (white arrows) and local input neurons
(green) in the NAcMS.

(B) Example images of presynaptic neurons in the PVT and vHPC, where boxed regions are expanded.

(C) Summary of the distribution of non-local input neurons throughout the brain (n = 5 mice). OFC, orbitofrontal cortex; mPFC, medial prefrontal cortex; AIC,
agranular insular cortex: Other ctx, other cortex; OIf, olfactory areas, HPC, hippocampal formation, Amyg, amygdala, ATN, anterior dorsal thalamus; ILM, in-
tralaminar dorsal thalamus; MED, medial dorsal thalamus; MTN, midline dorsal thalamus, Other thal, other thalamic nuclei; PVZ, periventricular zone of hypo-
thalamus; PVR, periventricular region of hypothalamus; MEZ, medial hypothalamus; LZ, lateral hypothalamus; Other hypo, other hypothalamus.

(D) Left: example image showing distribution of Chls in the NAcMS of ChAT-EGFP mice. Middle: example of a Chl in the NAcMS. Right: physiological responses of
Chls to brief current injections and summary of firing (F) versus current (I) curves, showing Chls can be readily driven to fire (n = 9 cells/3 mice).

(E) Injection schematic and examples of axon labeling in the NACMS for injections of AAV-ChR2 in the PVT (orange) or the vVHPC (teal) of ChAT-EGFP mice.
(F) Both PVT (left) and vHPC (right) make monosynaptic excitatory connections onto Chls. Voltage-clamp recordings of Chls in the presence of TTX + 4-AP reveal
light-evoked EPSCs at —60 mV but not IPSCs at +20 mV (PVT: n = 7 cells/4 mice; vHPC: n = 7 cells/3 mice).

(G) Summary of EPSC and IPSC amplitudes for PVT (orange) and vHPC (teal) terminal stimulation, where lines indicate individual neurons.

Box and whisker plots represent median and minimum to maximum. Average traces, current amplitude data, and F-I curve are presented as mean + SEM.
*p < 0.05.

See also Figure S1.

neurons were observed across the rostral-caudal axis of the the densest labeling was observed in the anterior portion of the
brain (n = 6,534 cells from 5 mice, 1,307 + 309 cells) (Figure S1).  midline dorsal thalamus (18% + 3% of non-local inputs),
Presynaptic cells included a dense array of local NACMS neu- including the paraventricular nucleus of the thalamus (PVT)
rons (n = 2,686 total cells from 5 mice, 537 + 108 cells, 43% + (50% + 4% of midline dorsal thalamic inputs), throughout the
4% of presynaptic neurons), as well as non-local neurons (n ventral hippocampus (VHPC) (20% + 4% of non-local inputs),
3,848 total cells from 5 mice, 770 + 229 cells, 57% + 4% of pre-  and the anterior portion of the ventral pallidum (31% + 4% of
synaptic neurons) (Figure S1). Amongst the non-local neurons,  non-local inputs) (Figures 1B, 1C, and S1).
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Our rabies data identify which upstream regions contact Chls
but not the sign and strength of these connections. Although the
ventral pallidum contains both glutamatergic and GABAergic
projection neurons (Faget et al., 2018; Tooley et al., 2018), recent
studies show that it is an important inhibitory input to NAc Chls
(Vachez et al., 2021). On the other hand, the PVT and vHPC
represent two glutamatergic inputs to the NAc that are known
to strongly contact MSNs in the NACMS (Baimel et al., 2019; Britt
et al., 2012; Christoffel et al., 2021; MacAskill et al., 2012, 2014;
Zhu et al., 2016) but whose connections with Chls have not been
examined. We thus focused on the regulation of Chis by the PVT
and vHPC. Using ChAT-eGFP mice, we visualized Chls by their
green fluorescence, showing a sparse population of large neu-
rons with thick aspiny dendrites and intrinsic properties similar
to Chls in the dorsal striatum (Figure 1D) (Straub et al., 2014).
To study connections onto Chls, we next injected AAV-
CaMKII-ChR2 into either the PVT or vHPC, which led to charac-
teristic axonal profiles in the NAcMS (Figure 1E). We then per-
formed ex vivo whole-cell voltage-clamp recordings where we
activated PVT or vHPC inputs with blue (470 nm) light and exam-
ined excitatory and inhibitory synaptic connections by holding
Chls at —60 (Egagaa-r) @and +20 mV (Eampa-r), respectively, in
the presence of the NMDA receptor (NMDAR) antagonist CPP
(10 uM). We also isolated monosynaptic connections by
including tetrodotoxin (TTX; 1 uM), 4-AP (0.1 mM), and 4 mM
Ca2* in the bath solution (Little and Carter, 2013; Petreanu
et al., 2009). For both PVT and vHPC inputs, we observed robust
excitatory postsynaptic currents (EPSCs) (PVT: 90 £ 27 pA,n=7
cells/4 mice; vHPC: 108 + 22 pA, n = 7 cells/3 mice) but not
inhibitory postsynaptic currents (IPSCs) (PVT: 6 + 2 pA, vHPC:
5 + 2 pA; PVT-evoked EPSC versus IPSC amplitude: Wilcoxon
test: W = —28, p = 0.02; vHPC-evoked EPSC versus IPSC
amplitude: Wilcoxon test: W = —21, p = 0.03) (Figures 1F and
1G), confirming direct excitatory connections onto Chls.
Together, these findings indicate that Chls in the NACMS receive
prominent excitatory inputs from both the PVT and vHPC, sug-
gesting connections from these areas may functionally enhance
Chl activity.

PVT inputs excite Chls, but vHPC inputs pause their
firing

Having identified the main excitatory inputs to Chls in the
NAcMS, we next examined their impact on Chl activity. We
monitored action-potential firing from spontaneously active
Chls in the NACMS with whole-cell current-clamp recordings.
Chls were sufficiently depolarized to maintain baseline firing
around 5 Hz, similar to levels recorded in vivo (Wilson et al.,
1990). To investigate whether PVT and vHPC inputs induce
similar changes in Chl activity, we again expressed ChR2 in
the PVT or vHPC of ChAT-EGFP mice. For PVT inputs, a brief
flash of blue light (2 ms, 10 mW, 470 nm) induced an immediate
and transient increase in firing (n = 8 cells/6 mice) (Figure 2A),
quantified by an increase in spike probability (mean = 5.4-fold
increase, 10 ms time bin from the stimulation) that quickly re-
turned to baseline (Friedman test: F = 10.89, p = 0.003) (Fig-
ure 2B), with no change in inter-spike interval following stimula-
tion (baseline [BL]: 358 + 66 ms, stimulation [Stim]: 338 =+
49 ms; Wilcoxon test: W = 3.0, p = 0.9) (Figure 2C). In contrast,

¢ CellP’ress

equivalent activation of vHPC inputs induced robust silencing
of tonic firing in Chls (n = 11 cells/9 mice) (Figure 2A). In
some recordings, the evoked pause in firing was preceded by
an acute increase in spiking immediately after light stimulation
(mean = 2.2-fold increase). However, the predominant effect
was a delayed and prolonged pause in firing (Friedman test:
F = 13.64, p = 0.0004) (Figure 2B), which was marked by a pro-
nounced increase in the inter-spike interval after light stimula-
tion (BL: 289 + 34 ms, Stim: 428 + 66 ms; Wilcoxon test:
W = 58.0, p = 0.007) (Figure 2C). Together, these results sug-
gest that the two main glutamatergic inputs to Chls in the
NAcMS evoke distinct, bidirectional modulation of action-po-
tential discharge of Chis.

We were intrigued by the vHPC-evoked suppression of firing in
Chls, which could be evoked through intrinsic or synaptic mech-
anisms. In separate experiments, we confirmed that strong acti-
vation through brief, depolarizing current steps was sufficient to
drive a brief increase and subsequent pause in the firing in Chls
(Figure S2). However, the vHPC-evoked pause occurred in the
absence of a robust increase in spiking, so we suspected a syn-
aptic mechanism was likely the source of the pause. Although
the vHPC makes direct excitatory connections in the NACMS,
it also engages FFI (Scudder et al., 2018). We thus hypothesized
that the vHPC-induced suppression of firing may result from
vHPC-driven inhibition via the local circuit. We repeated these
experiments with inclusion of gabazine or NBQX in the bath to
block GABAs or AMPA receptors, respectively (Figure 2A).
Recording in gabazine revealed an excitatory effect of vHPC ter-
minal stimulation, quantified by an increase in spike probability
(mean = 4.2 fold increase; Friedman test: F = 8.63, p = 0.01;
n =7 cells/3 mice) (Figure 2B), but no effect on inter-spike interval
(BL: 281 + 25 ms, Stim: 274 + 40 ms; Wilcoxon test: W = —5.0,
p = 0.8) (Figure 2C), akin to what we observed for PVT stimula-
tion. Including gabazine did not alter PVT-evoked activity in
Chls (Figure S2). In contrast, both vHPC-evoked excitation and
suppression of firing were blocked by NBQX (normalized spike
probability, Friedman test: F = 2.0, p = 0.5; n = 7 cells/3 mice; in-
ter-spike interval, BL: 275 + 20 ms, Stim: 293 + 32 ms; Wilcoxon
test: W = 14.0, p = 0.3) (Figures 2A-2C), which abolishes both
direct excitation and the recruitment of local interneurons.
Together, these results suggest that PVT and vHPC inputs differ-
entially engage mono- and disynaptic circuits to modulate Chls,
with vHPC evoking FFI.

vHPC inputs engage robust FFl onto Chls

Our current-clamp data suggest differential recruitment of FFI
onto Chls by the PVT and vHPC. To directly test this idea, we
next performed voltage-clamp recordings in Chls, measuring
PVT- and vHPC-evoked EPSCs and IPSCs in the absence of
TTX and 4-AP, which allows for polysynaptic activity in the cir-
cuit. With brief activation of PVT inputs (2 ms, 2-10 mW,
470 nm), we observed EPSCs at —60 mV, which were similar in
amplitude to delayed IPSCs at +20 mV (n = 7 cells/4 mice;
EPSC amplitude: 48 + 11 pA, IPSC amplitude: 59 + 23 pA; Wil-
coxon test: W = 5.0, p = 0.82; EPSC onset: 2.8 + 0.2 ms, IPSC
onset: 7.0 + 0.5 ms; Wilcoxon test: W = 36, p = 0.008)
(Figures 3A and S3). Although small in amplitude, this targeting
was specific to Chls, as more robust EPSCs and IPSCs were
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Figure 2. Contrasting impact of the PVT and vHPC on Chil firing

(A) Top: example current-clamp recording of Chls in response to PVT (orange) (n = 8 cells/6 mice), vHPC (teal) (n = 11 cells/9 mice), vHPC + gabazine (GZ) (red) (n =
7 cells/3 mice), and VHPC + NBQX (dark green) (n = 7 cells/3 mice) stimulation. Middle: raster plot of spike timing. Bottom: summary of spike rate across time.
(B) Left: summary of effect of stimulation on spike probability (10 ms bins) for each recording condition. Right: summary of normalized spike probability relative to
the pre-stimulus baseline (BL) (note log axis). Stimulation refers to the time from 0-10 ms and post-stimulation from 10-60 ms after optical stimulation.

(C) Summary of effect of light stimulation on first inter-spike interval.

Average spike rate, spike probability, and inter-spike interval are presented as mean + SEM. Normalized spike probability data are presented as geometric mean

with 95% confidence interval (Cl) on a logarithmic axis. *p < 0.05.
See also Figure S2.

observed in recordings of nearby putative MSNs in these slices
(Figure S38). In contrast, equivalent activation of vHPC inputs
evoked small EPSCs at —60 mV but large, delayed IPSCs
at +20 mV (n = 9 cells/7 mice; EPSC amplitude: 107 + 49 pA,
IPSC amplitude: 649 + 169 pA; Wilcoxon test: W = 45.0, p =
0.004; EPSC onset: 2.8 + 0.4 ms, IPSC onset: 6.6 + 0.4 ms; Wil-
coxon test: W =26, p = 0.03) (Figures 3B and S3). vHPC-evoked
IPSCs were reliably blocked by gabazine and NBQX, confirming
that they result from FFI (gabazine: EPSC amplitude = 62 +
14 pA, IPSC amplitude = 4 + 1 pA; Wilcoxon test: W = —36,
p = 0.008; NBQX: EPSC amplitude = 3 + 1 pA, IPSC amplitude =
5 + 1 pA; Wilcoxon test: W = 20, p = 0.1) (Figures 3C and S3).
These results suggest that PVT and vHPC differentially
engage local inhibitory circuits in the NACMS to modulate Chl
activity.
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We next sought to determine the source of vHPC-evoked FFI of
Chls. Like the rest of the striatum, the NAc is composed almost
entirely of GABAergic cells, including MSNs and multiple inter-
neurons (Kawaguchi, 1993; Scudder et al., 2018; Tepper and Bo-
lam, 2004). To determine which cells are engaged by the vHPC to
drive inhibition onto Chls, we compared IPSC amplitudes in
voltage-clamp recordings of Chls to action potential firing in cur-
rent-clamp recordings of neighboring parvalbumin-expressing
(PV+) cells (Figure 3D), dopamine type 1 receptor-expressing
(D1+) MSNs (Figure 3E), or somatostatin-expressing (SOM+)
cells (Figure 3F) with sequential paired recordings. D2+ MSNs
were omitted because we have previously shown that vHPC in-
puts preferentially target and activate D1+ over D2+ MSNs (Bai-
mel et al., 2019; MacAskill et al., 2012, 2014; Scudder et al.,
2018). For each pair of neurons, we evoked glutamate release
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(A) Left: PVT-evoked EPSCs and IPSCs in Chls. Right: summary of absolute amplitudes of PVT-evoked responses, where lines indicate individual neurons (n =7

cells/4 mice).
(B) Similar to (A), showing prominent vHPC-evoked FFI (n = 9 cells/7 mice).

(C) Similar to (B), showing inhibition is blocked when gabazine (GZ) (n = 8 cells/5 mice) or NBQX (n = 7 cells/3 mice) are included in the bath.

(D) Left: schematic of injections of DIO-RFP in the NACMS (pink) and AAV-ChR2 in the VHPC (teal) of a PV-2A-Cre x ChAT-eGFP mouse. Middle: example image
of the NAcMS illustrating PV+ interneurons (pink) and Chl labeling (green). Right: representative recordings for vHPC-evoked firing of PV+ interneurons (pink) in
current clamp and IPSCs in a neighboring Chl (black) in voltage clamp. Firing and IPSCs were assessed at multiple light intensities, with relative intensity shown by

the transition from light to dark colors (n = 6 cells/3 mice).

(E-F) Similar to (D) for D1-tdTomato x ChAT-eGFP mice (n = 6 cells/3 mice) (E) and SOM-Cre x ChAT-eGFP mice (n = 5 cells/3 mice) (F).
(G) Summary of evoked spike probabilities in PV+ (pink), D1+ (red), and SOM+ (purple) neurons relative to IPSC amplitude in Chls (left) and binned by IPSC

amplitude (right).

Average traces are presented as mean + SEM (A-C). For (D)—(F), example paired current- and voltage-clamp recordings are presented. Amplitude (A-C) and spike

probability data (G) are presented as mean + SEM. *p < 0.05.
See also Figure S3.

from vHPC terminals, progressively increasing light intensity to
drive more vVHPC inputs (Figures 3D-3F) (Anastasiades et al.,
2018). We found that brief stimulation of vHPC fibers readily fired
PV+ interneurons at low light intensities, which corresponded to
the emergence of IPSCs in Chls (Figures 3D and 3G). In contrast,
VHPC inputs only spiked D1+ MSNs and SOM+ interneurons at
higher light intensities, well after the appearance of IPSCs in
Chls (Figures 3E-3G) (two-way ANOVA: IPSC amplitude x cell-

type interaction, F[4,96] = 3.52, p = 0.01; Tukey’s multiple com-
parisons: p < 0.05; n = 6-9 pairs from 3-5 mice per condition).
Moreover, when comparing the onset times for spikes in PV+,
SOM+, and D1+ neurons with the onset of IPSCs in Chls, we
found that PV+ interneurons were the only cells where action-po-
tential onset preceded IPSC onset (Figure S3). Together, these
results suggest that D1+ and SOM+ cells may contribute to
vHPC-evoked FFIl, but PV+ interneurons fire earlier and more
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Figure 4. vHPC recruits PV+ interneurons to drive FFl onto Chls

(A) Schematic of injections of DIO-ST-ChroME in the DMS (top) or NAcMS (bottom) of PV-2A-Cre x ChAT-eGFP mice. To assess synaptic connectivity in the local
network, sequential-paired voltage-clamp recordings from a Chl and nearby MSN were made.

(B) Left: average PV+-evoked IPSCs in Chls (black) or MSNs (grey) in the DMS. Right: summary of IPSC amplitudes in Chls and MSNs, where lines represent
individual pairs of neurons (n = 8 pairs/4 mice).

(C) Similar to (B) but for recordings in the NACMS (n = 8 pairs/3 mice).

(D) Summary of Chl/MSN ratio for PV+-evoked IPSCs in the DMS and NAcMS.

(E) Top: schematic of recording condition and example current-clamp recording of Chls in response to PV+ interneuron stimulation in the NAcMS. Middle: raster
plot of spike timing. Bottom: summary of spike rate across time (n = 7 cells/3 mice).

(F) Top: summary of effect of PV+ stimulation on spike probability. Bottom: summary of effect of PV+ stimulation on inter-spike interval.

(G) Left: schematic of injections of AAV-DIO-ArchT in the NACMS (pink) and AAV-ChR2 in the VHPC (teal) of PV-2A-Cre x ChAT-eGFP mice. Middle: example
recording showing that activating ArchT with 590 nm light suppresses vVHPC-evoked firing of PV+ interneurons. Right: summary of reduction in spike probability at
different light intensities (n = 8 cells/4 mice).

(H) Left: schematic of recording conditions. Middle: average PV+-evoked IPSC amplitudes in Chls for ChR2 alone (black) and ChR2+ArchT (pink) trials. Right:
summary of ArchT-induced reduction in IPSC amplitude (n = 9 cells/4 mice).

Average traces are presented as mean + SEM (B, C, and H). For (E) and (G), example current-clamp recordings are presented. Summary data are presented as
mean + SEM. Ratio data (D) are presented as geometric mean with 95% CI on a logarithmic axis. *p < 0.05.

See also Figure S4.

readily, and likely provide the initial source of inhibition to Chlsin  differences in the local circuit organization of dorsal and ventral

the NAcMS. striatum. To test this idea, we expressed the soma-tagged, Cre-
dependent ChR2 variant ST-ChroME in the dorsal medial stria-
FFI of Chls is mediated by PV+ interneurons tum (DMS) or NAcMS of PV-2A-Cre x ChAT-EGFP mice and

At odds with these results, multiple studies in the dorsal striatum  performed sequential paired voltage-clamp recordings from
have failed to observe inhibition of Chls by fast-spiking PV+inter-  neighboring Chls and putative MSNs in slices (Figures 4A and
neurons (Gittis et al., 2010; Straub et al., 2016; Szydlowski etal.,  S4). In the DMS, we confirmed previous reports of large
2013). We therefore hypothesized that there may be major PV+-driven IPSCs in MSNs, with little to no inhibition in Chls
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(n = 8 pairs/4 mice; Chl: 20 = 7 pA, MSN: 470 + 96 pA; Wilcoxon
test: W = 36, p = 0.008) (Figures 4B, 4D, and S4). In contrast, in
the NAcMS, we observed robust IPSCs in both putative MSNs
and Chls (n = 8 pairs/3 mice; Chl: 281 + 111 pA, MSN: 295 +
122 pA; Wilcoxon test: W = —4, p = 0.8) (Figures 4C, 4D, and
S4), confirming that PV+ interneurons in the NAcMS make strong
connections onto Chls. Although the specific MSN cell type was
unknown to us here, in separate experiments, we confirmed
robust targeting of D1+ and D1- MSNs, used as a proxy for
D2+ MSNs, by PV+ interneurons (Figure S4) (Gittis et al., 2010;
Scudder et al., 2018).

Having established the connectivity of PV+ cells in the
NAcMS, we then tested if activation of these cells was sufficient
to pause spiking in Chls. We again expressed ST-ChroME in PV+
interneurons in the NACMS, now monitoring the effect of phasic
activation on action-potential firing from Chls. We found that
brief activation of PV+ interneurons robustly inhibited firing of
Chls, which was associated with a pronounced decrease in
spike probability (BL: 0.04 + 0.006, Stim: 0.008 + 0.003; Wil-
coxon test: W = —26, p = 0.03) and an increase in the inter-spike
interval (BL: 342 + 51 ms, Stim: 462 + 71 ms; Wilcoxon test: W =
28, p = 0.02) (Figures 4E and 4F), indicating that PV+ interneu-
rons robustly suppress the activity of Chls in the NACMS.

Lastly, we directly tested the contribution of PV+ interneurons
to FFI of Chls using optogenetic suppression. In PV-2A-
Cre x ChAT-eGFP mice, we expressed both ChR2 in the
vHPC and the Cre-dependent inhibitory opsin ArchT in PV+ cells
in the NACMS (Figure 4G). This approach permitted simulta-
neous activation of vHPC inputs with blue (470 nm) light and sup-
pression of PV+ firing with yellow (590 nm) light to test the role of
PV+ interneurons in vHPC-evoked FFI. In control experiments,
we first confirmed that activation of ArchT suppressed vHPC-
evoked firing of PV+ interneurons (Kruskal-Wallis test with
Dunn’s multiple comparisons test: H[2] = 10.35, p = 0.006) (Fig-
ure 4G). We then made voltage-clamp recordings from Chls,
evoking VHPC-induced feedforward IPSCs with multiple inten-
sities of blue light and interleaved yellow light to activate ArchT.
We found that inhibition of PV+ interneurons reduced vHPC-
evoked feedforward IPSC amplitudes in Chls (Figure 4H). This ef-
fect was most prominent at small IPSC amplitudes, which are
primarily driven by activation of PV+ interneurons (see Figure 3G)
(IPSC < 125 pA: 31% + 6% reduction, IPSC = 125-250 pA: 8% +
3% reduction, IPSC > 250 pA: 2% + 3% reduction; n = 9 cells/4
mice; Kruskal-Wallis test with Dunn’s multiple comparisons test:
H[2] = 10.35, p = 0.006), confirming that these interneurons sub-
stantially contribute to FFl of Chls in the NACMS.

DISCUSSION

Together, our findings help elucidate the long-range and local
circuits that regulate the activity of Chls in the NAcMS. We
show that Chls in this subregion of the NAc preferentially sample
excitatory inputs from the PVT and the vHPC. Stimulation of PVT
terminals evokes action potentials in Chls, while stimulation of
VvHPC inputs silences ongoing firing. This silencing reflects
biased recruitment of local feedforward inhibitory circuits by
the vHPC and involves the robust activation of PV+ interneurons,
which make strong connections onto Chls in the NAcMS.

¢ CellP’ress

Recent studies have emphasized the importance of Chls in
tracking and regulating NAc-dependent behavior (Al-Hasani
et al., 2021; Brown et al., 2012) and their roles in addiction and
other neuropsychiatric disorders (Lee et al., 2016; Warner-
Schmidt et al., 2012; Witten et al., 2010), but the circuit mecha-
nisms that govern the activity of these cells are not well defined.
Our results indicate that Chls in the NACMS are targeted by
several populations of presynaptic neurons distributed across
other brain regions. Monosynaptic excitatory inputs arrive pri-
marily from the anterior PVT and the vHPC. In contrast, there is
surprisingly little retrograde labeling in either the prefrontal cor-
tex or the basolateral amygdala, both of which are well con-
nected with D1+ and D2+ MSNs in the NACMS (Baimel et al.,
2019; Li et al., 2018; MacAskill et al., 2012, 2014; Pascoli et al.,
2014), indicating selective targeting. We also identified inputs
arriving from the anterior ventral pallidum but not the ventral
tegmental area, despite both making strong inhibitory contacts
onto Chls in the NAcMS (Al-Hasani et al., 2021; Brown et al.,
2012; Vachez et al., 2021). The lack of labeling in the VTA could
reflect a small population of presynaptic cells with widespread
connectivity or may reflect a mismatch between our injection
sites and the terminal field of VTA GABA neurons, which are
densest in the most ventral portion of the NAcMS (Al-Hasani
et al.,, 2021). Together, similar to other recent whole-brain
rabies-tracing studies, these results suggest projection-specific
regulation of interneurons in the striatum (Klug et al., 2018; Ri-
beiro et al., 2019), with Chls receiving a distinct set of afferents.

Although both the PVT and vHPC make excitatory, monosyn-
aptic connections onto Chls, our results indicate that PVT inputs
activate, while vHPC inputs suppress, ongoing activity in Chls.
Because vHPC inputs are glutamatergic, their ability to evoke a
prominent pause in Chl firing was particularly surprising. Pauses
have been previously explained by dopaminergic modulation
(Chuhma et al., 2014; Ding et al., 2010; Straub et al., 2016),
intrinsic conductances (Oswald et al.,, 2009; Zhang et al.,
2018), or long-range inhibitory inputs (Brown et al., 2012), but
our data indicate a different mechanism. vHPC-evoked pauses
were blocked when we included either gabazine or NBQX in
the bath solution, indicating that the pause results from local
FFI. We confirmed this with voltage-clamp recordings of robust
IPSCs in Chls, which were much larger than EPSCs recorded
in the same neurons. Like the pause in Chls, these IPSCs were
blocked when we included gabazine or NBQX in the bath solu-
tion. This contrasts with PVT inputs, where feedforward IPSCs
were smaller in amplitude and balanced by direct EPSCs re-
corded in the same cells. Interestingly, this does not seem to
reflect an inability of PVT inputs to drive local inhibition but rather
cell-type-specific interconnectivity in the NAcCMS, as we
observed larger PVT-evoked IPSCs in recordings of nearby
MSNs in the same slices. Together, these results suggest that
the vHPC and PVT make distinct synaptic connections in the
NAcMS, leading to differential engagement of the local network
and driving opposing regulation of Chls.

We establish PV+ interneurons as the main source of vHPC-
evoked FFI onto Chls in the NAcMS. vHPC inputs reliably spike
PV+ interneurons more readily and faster than other cell types
in the NAcMS, which aligns with the emergence of IPSCs in
Chls. This is consistent with some previous reports of strong
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connections between the vHPC and PV+ interneurons (Scudder
et al., 2018; Yu et al., 2017). However, it differs from several
studies in the dorsal striatum, where fast-spiking PV+ interneu-
rons evoke FFI at MSNs but show only weak and sparse con-
nectivity at Chls and other interneurons (Gittis et al., 2010;
Straub et al.,, 2016; Szydlowski et al., 2013). Using soma-
tagged optogenetics, we observed robust synaptic connectivity
between PV+ interneurons and Chls in the NACMS. These in-
puts were sufficient to induce a pause-like response in tonically
firing Chls and necessary for vHPC-evoked feedforward IPSCs
at Chls. Our findings suggest a fundamentally different organi-
zation of local circuits in the dorsal and ventral striatum and
represent a local mechanism for the induction of a pause-like
response in Chls in the NAcMS. Interestingly, vHPC inputs
are most prominent in the NAcMS (Britt et al., 2012; MacAskill
et al.,, 2012, 2014), suggesting that this mechanism may be
restricted to this subregion. Relatedly, recent evidence high-
lights that VTA GABA neurons most reliably inhibit Chls in the
ventral portion of the NACMS (Al-Hasani et al., 2021), suggest-
ing that the regulation of Chls is location dependent. In the
future, it will be critical to determine the local and long-range
connectivity of Chls in the NAc core and lateral shell, which
differentially sample long-range afferent inputs (Hunnicutt
et al., 2016; Li et al., 2018) and play distinct roles in behavior.

Lastly, our results have implications for how the vHPC and PVT
drive functional signals via Chls in the NACMS. Throughout the
striatum, pauses in Chl firing signal salience (Aosaki et al.,
1994; Apicella et al., 2009; Ravel et al., 2003; Zhang and Cragg,
2017), enhance stimulus-outcome learning (Al-Hasani et al.,
2021; Brown et al., 2012), and facilitate the learning of drug-
context associations (Witten et al., 2010). Mechanistically, these
pauses dampen cholinergic tone, which has prominent influence
on modulating both local dopamine release (Cachope et al.,
2012; Kosilloetal.,2016; Liuetal.,2022; Shin et al., 2015; Threlfell
et al., 2012) and the activity of MSNs and other cell types in the
local circuit (Assous et al., 2017; English et al., 2011; Koods and
Tepper, 2002; Mamaligas and Ford, 2016; Oldenburg and Ding,
2012). By evoking FFI of Chls, our results suggest that vHPC in-
puts contribute to learning processes by pausing Chl firing and
initiating the downstream effects of decreased cholinergic tone
in the NAcMS. However, this does not rule out a contribution of
PVT inputs to salience signaling and stimulus-outcome learning.
For example, NAc-projecting PVT neurons develop pronounced
inhibitory responses to reward-predictive cues (Otis et al,
2019), which may act synergistically with vHPC inputs to enhance
pause-like responses in Chls. Moreover, PVT-evoked activation
of Chls may contribute to cue-driven increases in Chl activity
and cholinergic tone, which develop specifically in the ventral
NAcMS in response to reward-predicting cues (Al-Hasani et al.,
2021). In the future, it will be important to determine when
vHPC and PVT inputs are active in the intact brain during behavior
and how their activation shapes Chl activity.

Together, our results highlight the circuit properties that
govern Chl activity in the NACMS, elucidate a potential substrate
for hippocampal salience signaling within ventral striatum, and
augment a growing literature that suggests that the separation
of behavioral function across striatal subregions reflects re-
gion-specific connectivity rules.
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Limitations of the study

While our results demonstrate a clear role for PV+ interneurons
in vVHPC-evoked inhibition of Chls, we were unable to obtain
complete suppression of feedforward IPSCs when inhibiting
PV+ interneurons. The explanation for this could be both exper-
imental and biological. Although we could potently decrease
vHPC-driven spikes in PV+ interneurons with activation of
ArchT (Figure 4G), vHPC inputs are particularly strong onto
PV+ interneurons (Scudder et al., 2018), and in some trials,
we still observed spiking of PV+ interneurons during ArchT acti-
vation, which would contribute to feedforward IPSCs. Similarly,
because the manipulations of PV+ interneurons depended on
viral expression, it is possible that certain PV+ interneurons ex-
pressed insufficient levels of ArchT and were not properly in-
hibited in our experiments. Alternatively, recent advances
show tremendous diversity of striatal interneurons (Chen
et al., 2021; Dorst et al., 2020; Munoz-Manchado et al., 2018;
Tepper et al., 2018), and we cannot rule out a contribution of
other striatal cell types.

Our findings also raise multiple questions for future study.
Here, we characterized responses to the synchronous activation
of vHPC or PVT inputs in a brain-slice preparation, where activity
is largely quiescent and ongoing neuromodulation is broadly ab-
sent. Moving forward, it will be very important to determine how
these synaptic mechanisms function and fluctuate in vivo and
during active behavior, when synaptic connections and the over-
all NAc network are in different states.
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Bacterial and virus strains

AAV1-CaMKIla-ChR2-mCherry Addgene 26975-AAV1
AAV9-CAG-DIO-ChroME.ST-p2A-H2B- Addgene 108912-AAV9

mRuby3

AAV1-EF1a-DIO-EYFP Penn Vector Core AV-1-27056
AAV9-FLEX-ArchT-GFP UNC Vector Core N/A
AAV1-EF1a-FLEX-TVA-Cherry UNC Vector Core N/A
AAV9-CAG-FLEX-0G Salk N/A

SADAG-GFP(EnvA) Salk N/A

Chemicals, peptides, and recombinant proteins

Biocytin Sigma-Aldrich Cat # B1758
Streptavidin-647 Invitrogen Cat # S21374

CPP Tocris Cat # 0247

TTX Tocris Cat # 1069

4-AP Tocris Cat # 0940

NBQX Tocris Cat # 1044

Gabazine Tocris Cat # 1262

TEA Tocris Cat # 3068

QX-314 Tocris Cat # 2313

VectaShield with DAPI Vector Labs RRID: AB_2336790
EGTA Fluka Cat # 03379

HEPES Sigma-Aldrich Cat # H3375
Experimental models: Organisms/strains

Mouse: ChAT-Cre Jackson Lab RRID: IMSR_JAX:006410
Mouse: ChAT-eGFP Jackson Lab RRID: IMSR_JAX_007902
Mouse: C57BL/6J Jackson Lab RRID: IMSR_JAX:000664
Mouse: D1-tdTomato Jackson Lab RRID: IMSR_JAX:016204
Mouse: PV-2A-Cre Jackson Lab RRID: IMSR_JAX:012358
Mouse: SOM-Cre Jackson Lab RRID: IMSR_JAX:013044
Software and algorithms

Igor Pro WaveMetrics RRID: SCR_000325
MATLAB MathWorks RRID: SCR_001622
Prism GraphPad Software RRID: SCR_002798
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Monosynaptic input tracing was performed in choline acetyltransferase (ChAT) bacterial artificial chromosome (BAC) Cre mice
(ChAT-Cre) (Jackson Laboratories, stock # 006410) and physiology experiments were performed in acute slices from ChAT(BAC)-
eGFP mice (Jackson Laboratories, stock # 007902) crossed with either wild-type C57BL/6J mice (originally purchased from Jackson
Laboratories), D1-tdTomato hemizygous BAC transgenic mice (Ade et al., 2011) (Jackson Laboratories, stock # 016204), PV-2A-Cre
mice (Madisen et al., 2010) (Jackson Laboratories, stock # 012358) or SOM-Cre mice (Taniguchi et al., 2011) (Jackson Laboratories,
stock # 013044). For all experiments both sexes were used, and mice were aged P42-P75. No animals had been involved in previous
procedures. Animals were group-housed with same-sex littermates in a dedicated animal care facility and were maintained ona 12-h
light/dark cycle with food and water given ad libitum. All procedures were conducted in accordance with guidelines approved by the
New York University animal welfare committee.

METHOD DETAILS

Stereotaxic injections

Stereotaxic injections were performed on P33-P50 mice. Mice were anesthetized with isoflurane and head fixed in a stereotax (Kopf
Instruments). A small craniotomy was made over the injection site, through which viruses were injected. Injection site coordinates
were determined relative to bregma (mediolateral axis, dorsoventral axis, and rostrocaudal axis (in mm): NACMS = —-1.7,
—4.4, +1.6 at a 14° angle; DMS = —1.7, —3.0, +1.6 at a 14° angle; vHPC = —3.0, —4.6 and —3.6, —3.0; PVT = —0.1, —3.5, —0.8. Bo-
rosilicate pipettes with 5-10 um tip diameters were backfilled and 100-360 nL was pressure-injected using a Nanoject Ill (Drummond)
with 45-60 s inter-injection intervals. Pipettes were left in place for at least 10 min after injection before being slowly withdrawn.
Optogenetic stimulation of PVT and vHPC terminals was achieved 18-21 days after injections of AAV1-CaMKIlla-ChR2-mCherry
(Addgene, 26975-AAV1) into these regions. To activate PV + interneurons, AAV9-CAG-DIO-ChroME.ST-p2A-H2B-mRuby3
(Addgene, 108912-AAV9) was injected and given 7-9 days for expression. Optogenetic inhibition was achieved with injections of
AAVI-FLEX-ArchT-GFP (UNC Vector Core). For ArchT experiments, two separate injections were performed. AAV1-CaMKlla-
ChR2-mCherry was injected into the vHPC and then 10 days later AAV9-FLEX-ArchT-GFP was injected and allowed to express
for 11 days. This was necessary to restrict blue light activation of ArchT, which was found to occur with longer expression times.
In some experiments, PV+ and SOM + interneurons were labeled with injections of the Cre-dependent fluorophore virus AAV1-
EF1a-DIO-EYFP (Penn Vector Core, AV-1-27056). After all injections, animals were returned to their home cages before being
used for experiments.

Rabies virus tracing

For monosynaptic rabies virus tracing, the helper viruses AAV1-EF1a-FLEX-TVA-Cherry (130 nL) (UNC Vector Core) and AAV9-CAG-
FLEX-0G (450 nL) (Salk) were injected into a single hemisphere of the NACMS of ChAT-Cre mice. After allowing 5 weeks for expres-
sion, 750 nL of SADAG-GFP(EnvA) rabies virus (Salk) was injected at the same location. Mice were then left for an additional 7 days to
allow for monosynaptic retrograde labeling, before being perfused, and brain slices prepared for fluorescent microscopy.

Slice preparation

Mice were anesthetized with an intraperitoneal injection of a lethal dose of ketamine/xylazine and perfused intracardially with an ice-
cold cutting solution containing the following (in mM): 65 sucrose, 76 NaCl, 25 NaHCO3, 1.4 NaH,POy4, 25 glucose, 2.5 KCI, 7 MgCl,,
0.4 Na-ascorbate, and 2 Na-pyruvate (bubbled with 95% O./5% CO,). 300 um coronal sections were cut in this solution and trans-
ferred to artificial cerebral spinal fluid (ACSF) containing the following (in mM): 120 NaCl, 25 NaHCO3, 1.4 NaH,PQOy,, 21 glucose, 2.5
KClI, 2 CaCl,, 1 MgCly, 0.4 Na-ascorbate, and 2 Na-pyruvate (bubbled with 95% O./5% CO,). Slices recovered for 30 min at 35°C and
then were stored for at least 30 min at 24°C prior to recording. All experiments were conducted at 30-32°C.

Electrophysiology

Whole-cell patch clamp recordings were made from fluorescently identified Chls, PV+ and SOM + interneurons, and D1+ MSNs in the
NAcMS, located 300-600 pm medial to the anterior commissure. D1- MSNs were identified by the lack of tdTomato fluorescence in
D1-tdTomato mice, and in some cases putative MSNs were identified by a lack of fluorescence in ChAT-eGFP mice. Where appli-
cable, neurons were recorded in sequential pairs (Chl x PV+, Chl x D1+, Chl x SOM+, Chl x MSN, D1+ x D1-), where cells were located
at the same depth in the slice and within 50 um of each other (Baimel et al., 2019; MacAskill et al., 2012, 2014; Scudder et al., 2018).
Recording order was varied between cell types within a given pair. For voltage-clamp experiments, borosilicate pipettes (3-5 MQ)
were filled with a Cs-based internal (in mM: 130 Cs-gluconate, 10 HEPES, 10 Na-phosphocreatine, 4 Mg,-ATP, 0.4 NaGTP, 10
TEA, 2 QX-314, and 10 EGTA, pH 7.3 with CsOH). For current-clamp recordings, pipettes were filled with a K-based internal (in
mM: 135 K-gluconate, 7 KCI, 10 HEPES, 10 Na-phosphocreatine, 4 Mg,-ATP, 0.3 NaGTP, and 0.5 EGTA, pH 7.3 with KOH). In
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some experiments, 5% biocytin was also included in the recording internal solution. All voltage-clamp recordings were made with
10 uM CPP in the bath solution to block NMDA receptors, and in some experiments, 1 uM TTX was included to block action poten-
tials, along with 0.1 mM 4-AP and 4 mM external Ca®* to restore presynaptic glutamate release. Cells were held at —60 mV to mea-
sure AMPAR-mediated excitatory currents, and at +20 mV to measure GABA,-mediated inhibitory currents. Intrinsic properties of
Chls were assessed in current-clamp recordings made with 10 uM CPP, 10 uM gabazine, 10 uM NBQX to block NMDARs,
GABAARs and AMPARSs, respectively. Current steps were applied to cells from a holding potential set to —50 mV. Input resistance
was calculated using a —50 pA current injection. Afferent-evoked changes in Chl firing were assessed in spontaneously active Chls in
the NAcMS with whole-cell current-clamp recordings. For these recordings, Chls were sufficiently depolarized to maintain baseline
firing around 5 Hz. In some recordings, gabazine or NBQX were included in the bath solution. All chemicals were purchased from
Tocris Bioscience or Sigma.

Electrophysiological data were collected using a MultiClamp 700B (Axon Instruments), signals were sampled at 10 kHz, and filtered
at 2 kHz for voltage-clamp and 5 kHz for current-clamp recordings. Series resistance was monitored, less than 25 MQ, and not
compensated.

Optogenetics

Glutamate release was triggered by activating channelrhodopsin-2 (ChR2) present in presynaptic terminals of vHPC or PVT inputs in
the NACMS, or in the cell bodies of PV + interneurons. Presynaptic release was obtained with 2 ms pulses of 470 nm light from a blue
light-emitting diode (LED; 470 nm; Thorlabs) through a 10 x 0.3 NA immersion objective (Olympus) with a power range of 2-10 mW
measured at the back focal plane of the objective. ArchT mediated suppression was achieved with yellow light (590 nm, 10 mW) deliv-
ered 50 ms before blue light stimulation of ChR2 through the same objective.

Histology and fluorescence microscopy

Mice were anesthetized and perfused intracardially with 0.01 M PBS followed by 4% PFA. Brains were stored in 4% PFAfor 12-18 h
at 4°C before being washed three times in 0.01 M PBS. Slices were cut on a VT-1000S vibratome (Leica) at 70 um thickness and
directly mounted onto gel-coated glass slides, or at 40 um for biocytin-filled cells, which were stained with streptavidin conjugated
Alexa 647. Slices were cover-slipped using VectaShield with DAPI (Vector Labs). Fluorescent images were taken on an Olympus
VS120 microscope, using a 10 x 0.25NA objective (Olympus) or a Leica TCS SP8 confocal microscope, using a 20 x 0.75NA
and 40 x 1.3NA objective (Leica). All images were processed using NIH Imaged.

QUANTIFICATION & STATISTICAL ANALYSIS

All electrophysiology and anatomical data were collected from a minimum of 3 animals, from different litters. Experimenters were not
blind to experimental groups. No pre-test analyses were used to estimate sample sizes. No data were excluded from final analyses.
For monosynaptic input data, brain slices were aligned to the Allen Common Coordinate Framework (Wang et al., 2020) and cell
bodies were manually counted for slices from rostral-caudal coordinates +2.6 to —4.8 relative to Bregma. Presynaptic input regions
were determined relative to the Allen Brain Atlas. Electrophysiology data were acquired using custom software in MATLAB
(MathWorks) and were analyzed with IgorPro (WaveMetrics) and MATLAB. EPSC and IPSC amplitudes were averaged from a
1 ms window around the peak current for AMPAR EPSCs and GABA, IPSCs. Average traces of synaptic currents in figures depict
mean + SEM. For current clamp experiments, spikes were grouped in 10 ms bins, and current step or light-evoked changes in spike
probability or inter-event interval were assessed by comparing to the pre-stimulus baseline. Statistical significance of differences
was evaluated using the Wilcoxon Signed-Rank test for paired data, the Friedman test with Dunn’s multiple comparisons test for
data with multiple time points or with repeated measure 2-way ANOVA followed by Tukey or Sidak’s multiple comparison with p
values <0.05 considered significant. Image analysis was conducted using NIH ImageJ. Statistical tests and graph generation
were performed using Prism 9 (GraphPad). Normalized data are displayed in figures on logarithmic axes with the geometric mean
+95% confidence interval.
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